Differentiation of skeletal muscle cells, like most other cell types, requires a permanent exit from the cell cycle. The epigenetic programming underlying these distinct cellular states is not fully understood. In this study, we provide evidence that the lysine methyltransferase G9a functions as a central axis to regulate proliferation and differentiation of skeletal muscle cells. Transcriptome analysis of G9a knockdown cells revealed deregulation of many cell cycle regulatory genes. We demonstrate that G9a enhances cellular proliferation by two distinct mechanisms. G9a blocks cell cycle exit via methylationdependent transcriptional repression of the MyoD target genes p21
INTRODUCTION
During myogenic differentiation, proliferating myoblasts differentiate into multinucleated myotubes and mature to form adult muscle fibers. This involves two distinct stages: an irreversible withdrawal of proliferating myoblasts from the cell cycle; and subsequent expression of differentiation specific genes. In muscle cells, proliferation and differentiation are mutually exclusive events. Thus pathways driving proliferation have to be suppressed for induction of differentiation. The transcription factors E2F1 and MyoD as well as chromatin modifying and remodelling factors that associate with them play a major role in controlling these processes (1, 2) .
In proliferating myoblasts, E2F1-dependent cell cycle genes are activated whereas MyoD-dependent differentiation genes are switched off. Conversely during differentiation, MyoD-dependent myogenic genes are activated, and E2F1-dependent cell cycle genes are permanently silenced. This is achieved through differential association of E2F1 and MyoD with co-factors. In myoblasts, MyoD interacts with co-repressors HDAC1, G9a and Suv39h1 (3-7) which catalyse histone deacetylation and methylation marks resulting in repression of muscle gene promoters. In contrast, E2F1 activates S-phase genes (Cyclins) and DNA synthesis genes (DHFR, DNA Pol) by association with co-activators p300 and PCAF (8, 9) . Upon induction of differentiation, MyoD associates with PCAF and p300 (10) , resulting in acetylation of histones and activation of muscle promoters, whereas the Rb1/E2F1 complex associates with HDAC1 and Suv39h1 resulting in permanent silencing of cell cycle genes (11) (12) (13) . Corresponding with this differential recruitment of co-factors, in myoblasts, histone H3 lysine 9 di-methylation (H3K9me2), H3K9me3 and H3K27me3 repression marks catalysed by G9a, Suv39h1/2 and Ezh2 respectively are present at myogenin and muscle creatine kinase (MCK) promoters (7, 14, 15) . On the other hand, H3K9me3 silences E2F1-dependent gene promoters in myotubes (13, 16, 17) .
Upon induction of differentiation, MyoD is transcriptionally activated and switches on p21
Cip1/Waf1 (p21) and Rb1 expression (18) (19) (20) for an irreversible exit from the cell cycle and maintenance of permanent arrested state of myotubes (21) . Indeed, inactivation of p21 and Rb1 by E1A has been shown to induce DNA synthesis in myotubes (21) . Conversely, high levels of p21 result in reduced Cyclin-CDK activity and Rb1 phosphorylation, leading to cell cycle arrest (22) . During growth factor withdrawal and induction of differentiation, Rb1 is hypo-phosphorylated and recruited by E2F1 family members. The Rb1/E2F1 complex is required to repress E2F1-target genes involved in cell cycle progression and DNA synthesis (8, 12) . Apart from its role in regulating E2F1 activity, Rb1 is also involved in cell cycle exit and activation of differentiation genes (23) . Rb −/− myocytes can differentiate into myotubes and express early differentiation genes such as p21 and myogenin, but exhibit defects in terminal differentiation with reduced expression of late markers such as myosin heavy chain (MHC) and MCK (24, 25) and display DNA synthesis after re-addition of serum to the cultures (23, 24) .
We and others have shown that overexpression of G9a inhibits myogenic differentiation (5, 6, 14, 26, 27) . However, whether or not G9a impacts proliferation and cell cycle exit of myoblasts has not been addressed. In the present study, we have globally identified G9a target genes in muscle cells. Interestingly, a number of genes involved in cell cycle control are differentially regulated in G9a knockdown cells. We demonstrate that G9a inhibits irreversible cell cycle exit by transcriptionally repressing p21 and Rb1 in a methyltransferase activity-dependent manner. Consequently, reexpression of p21 or Rb1 rescue the G9a-mediated block of myogenic differentiation. In addition, G9a positively regulates E2F1-target genes in a methylation-independent manner. Through protein interaction assays, we show that G9a associates with E2F1 during the G1/S phase of the cell cycle and results in increased PCAF occupancy at E2F1 target promoters. Our results provide evidence that G9a is a pivotal molecule that balances proliferation and differentiation of muscle cells. Our data suggest that deregulation of G9a expression may be important in muscle disorders characterized by a differentiation defect.
MATERIALS AND METHODS

Primary myoblast isolation, cell culture and differentiation assays
All animal procedures were approved by the Institutional Animal Care and Use Committee. Primary myoblasts were isolated from hind limb muscles of wild-type C57BL/6 mice as described previously (28) . Cells were cultured in F10 media supplemented with 20% fetal bovine serum (FBS) and 5 ng/ml basic fibroblast growth factor and plated on collagen-coated dishes. To enrich myoblasts, cells were trypsinized and pre-plated onto culture dishes for 15-30 min to remove strongly adherent fibroblasts. The purity of myoblasts was confirmed by staining cells with anti-Pax7 antibody. More than 95% of cells stained positively for Pax7 and were used for experiments. C2C12 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Sigma, St Louis, MO, USA) supplemented with 20% FBS (Hyclone, Logan UT, USA). Proliferating C2C12 cells were cultured at 60% confluency. For differentiation, cells at 80-90% confluency were cultured in DMEM supplemented with 2% horse serum. To monitor differentiation, cells were immunostained with anti-MHC antibody (Sigma). Myogenic index was calculated by quantifying the ratio of total nuclei within myotubes to the total number of nuclei. At least 500 nuclei were counted. Phoenix cells and 293T cells were cultured in DMEM supplemented with 10% FBS. All cells were incubated at 37
• C with 5% CO 2 in a humidified incubator.
Plasmids, site-directed mutagenesis and luciferase assays
pBabe, pBabe-G9a and EGFP-G9a have been previously described (5), and were provided by Dr Martin J Walsh. Flag-PCAF was provided by Dr Yoshihiro Nakatani (29) . E2F1 was provided by Dr Srikumar Chellappan (30) . CyclinD1 promoter reporter (pD1luc) was provided by Dr Michael Strauss (31) . The E2F1 binding site in pD1luc was mutated (TTTGGCGC to TTTGATGC) by site directed mutagenesis, using the QuikChange TM site-directed mutagenesis kit (Agilent, Santa Clara, CA, USA). The following primers were used: Forward 5 -CTCCCGGCGTTTGATGCCCGCGCC-3 and Reverse 5 -GGCGCGGGCATCAAACGCCGGGAG-3 . The construct was sequenced to confirm the mutation. Mouse p21 and Rb1 cDNAs from C2C12 cells were cloned into pCMV 3× Flag vector flanking restriction sites HindIII and BamHI and confirmed by sequencing. Luciferase assays were performed using the Dual Luciferase Reporter System (Promega, Madison, WI, USA). pBabe and pBabe-G9a cells were transfected with 200 ng of wild-type or E2F1-mutant CyclinD1 reporters in a 24-well plate. A total of 3 ng of renilla reporter was co-transfected as a normalization control. Transfection was carried out in triplicates using Lipofectamine Plus. Luminescence was analysed with Varioskan plate reader using SkanIt software.
siRNA knockdown and retroviral infection
Knockdown experiments were performed using 100 nM siRNA specific for G9a (on-target plus smart pool, Mouse BAT 8; accession number: NM 147151; NM 145830) or siRNA specific for CyclinD1 (ontarget plus smart pool, mouse ccnd1 Accession number: NM 007631;XM 011241977) from Dharmacon (Lafayette, CO, USA) using Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA) according to manufacturer's instructions. Control cells were transfected with scrambled siRNA (on-target plus control pool). Transfection of siRNAs was done in growth medium for 48 hr. To overexpress G9a, Phoenix cells were transfected with pBabe or pBabe-G9a. Retroviral supernatants were used to transduce C2C12 cells. pBabe and pBabe-G9a cells were selected with 2 g/ml puromycin for 48 hr and used for subsequent experiments. Where indicated, cells were differentiated for 12, 24 and 36 hr.
Microarray analysis and quantitative RT-PCR (qRT-PCR)
C2C12 cells were transfected with scrambled siRNA (control) or siG9a for 48 hr. Microarray was performed with RNA from two biological replicates of siRNA and siG9a cells at Day 0 (48 hr post-transfection in growth medium) and after culture in differentiation medium for 1 day (Day 1). RNA was cleaned using RNeasy MiniElute Cleanup Kit (Qiagen, Valencia CA, USA), and quantified using Nanodrop. For microarray analysis, RNA quality was checked using Bioanalyzer (Agilent Technologies). RNA was reverse transcribed and cRNA was synthesized using Total Prep RNA amplification kit (Ambion, Foster City, CA, USA). cRNA was labelled and subsequently hybridized to Illumina mouse WG-6 v2.0 array (Illumina Inc, CA, USA). Partek Genomics Suite version 6.5 (Partek Inc., MO, USA) was used for gene expression analysis. The microarray data are compliant with MIAME guidelines and have been submitted to the GEO repository [accession number GSE70039]. Analysis of Variance (ANOVA) was applied on the dataset and differentially expressed gene list was generated using P-values of <0.05 with 1.3-fold-change cut off. Unsupervised two-dimensional hierarchical clustering with complete linkage was performed on selected genes using Spearman's correlation as similarity matrix. To define biological networks among the differentially regulated genes, pathway analyses were carried out using Ingenuity Pathway Analysis software (IPA) (Ingenuity Systems, Redwood City, CA, USA). The significance of the association between the dataset and the canonical pathways were calculated by ratio and/or Fisher's exact. For qRT-PCR 2 g of RNA was reverse transcribed using Super Script III first strand cDNA synthesis kit according to manufacturer's instruction (Invitrogen, Carlsbad, CA, USA). Quantitative real time polymerase chain reaction (PCR) reaction was carried out with 0.2 M of primer in triplicates using LightCycler 480 SYBR green I master mix (Roche, Basel Switzerland). PCR amplification was performed under following conditions: preamplification at 95
• C for 5 min, amplification including denaturation at 95
• C for 10 s, annealing at 60
• C for 10 s, followed by 72
• C for 10 s for 45 cycles. Melting curves were generated and tested for a single product after amplification. The threshold cycle (Ct) values of the test primers were normalized to Ct values of GAPDH primers to derive normalized Ct ( Ct). Gene expression was quantified using the 2 − Ct method. The primer sequences for CyclinD1, CyclinE, p21, GAPDH (32, 33) , DHFR (34) and G9a (5) have been previously described. Rb1 primer sequences are: Forward 5 -ACGCTGCCCAGGAGACCTTT-3 and Reverse 5 -AGGGCTTCGAGGAATGTGAGGT-3
Cell proliferation assays
Proliferation was measured by BrdU incorporation assays (35) . Cells were pulsed with 10 M BrdU for 30 min. Cells were fixed and stained with anti-BrdU antibody according to manufacturer's protocol (Roche). For flow cytometry, cells were stained with propidium iodide mix (10 g/ml propidium iodide solution with RNase 200 g/ml) for 30 min at room temperature and strained using 40 m filters. Cell cycle profiling was performed with at least 10 000 gated population using a flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and the data was analysed using FACS-DIVA and Flowing software. Where indicated, cells were synchronized at G1/S boundary using 1 mM hydroxyurea (HU) for 14 hr and subsequently released in normal growth media. 300 ng/ml of nocodozole was used to synchronize cells at mitosis. G9a methyltransferase activity was blocked using 0.25 M UNC0638 (Sigma).
Immunofluorescence
Cells were cultured on sterile cover slips placed in 6-well dishes, and fixed with 4% paraformaldehyde (Sigma). After blocking, cells were permeabilized using phosphate buffered saline (PBS) containing 10% horse serum (Gibco, Carlsbad, CA) and 0.1% Triton X-100 (Biorad, Hercules, CA).
Cells were incubated with either anti-G9a (3306S, Cell Signaling) or anti-MHC (M4276, Sigma) in blocking solution (PBS with 10% horse serum) followed by secondary antibody tagged with fluorophore (Invitrogen). DNA was counter stained with DAPI and mounted using mounting agent (Vectashield, Burlingame, CA, USA). Images were obtained using Zeiss (Axioplan) or Olympus (DP72) microscope.
Co-immunoprecipitation (Co-IP) and chromatin immunoprecipitation (ChIP)
293T cells were transfected with EGFP-G9a and Flag-PCAF and E2F1 plasmids. About 24 h after transfection cells were lysed with NP40 buffer (20 mM Tris-HCl pH 7.4, 137 mM NaCl, 2 mM ethylenediaminetetraacetic acid and 1% NP-40 with protease inhibitor). Lysates were immunoprecipitated with anti-Flag agarose beads (Sigma, St Louis, MO, USA). After washes, samples were loaded on sodium dodecyl sulphate-polyacrylamide gel electrophoresis gels and immunoblotted with antibodies as indicated. For endogenous co-immunoprecipitation (Co-IP), nuclear extracts were prepared from C2C12 cells as described (36) . Protein lysates from C2C12 cells were pre-cleared and incubated with desired antibodies overnight at 4
• C using Protein A/G agarose beads (Santa Cruz Biotech Inc., Dallas, TX, USA). For sequential immunoprecipitation, the protein complex from washed beads (both from control and test antibody) was eluted using Tris-HCl pH 7.4 (65 mM), sodium dodecyl sulphate (1%) and dithiothreitol (5 mM). Samples were boiled for 5 min at 95
• C and the supernatant (70 l) was transferred to a new tube. A total of 20 l of the elute was kept to check the first IP, and the remaining 50 l was diluted 10 times with NP40 buffer. Samples were then incubated overnight with the second antibody. Antibodies used for Co-IP and western blotting are as follows: antiG9a (3306S), pRbS780 (9300) from Cell Signaling (Danvers, MA, USA); anti-CyclinD1 (sc-753), anti-CyclinE (sc-481), anti-CyclinA (sc-239), anti-p21 (sc-397), anti-MyoD (5.8A) (sc-32758), anti-Myogenin (sc-576), anti-GFP (sc-9996), anti-E2F1 (sc-193), normal rabbit IgG (sc-2027) from SantaCruz Biotech Inc.; Rb1 (554136) from BD Biosciences (San Jose, CA, USA); anti-PCAF (ab12188), anti-E2F1 (ab179445) anti-G9a (ab40542) from Abcam (Cambridge, MA, USA); anti-H3S10p (06-570) from Millipore (Billerica, MA, USA); and anti-Troponin-T (T6277), antiFlag (F3165), anti-␤-actin (A1978) from Sigma. Chromatin immunoprecipitation (ChIP) assays were done as described (5) . Briefly, 10 6 control and treated cells were fixed in 1% formaldehyde for 10 min at 37
• C. Cells were sonicated using Bioruptor (Diagenode, Liege, Belgium). ChIP was carried out according to kit protocol (Millipore). Immunoprecipitates were reverse crosslinked and DNA was extracted using phenol-chloroform-isoamylalcohol (Sigma). Quantitative RT-PCR reaction was performed in triplicates as described above. DNA isolated from 10% input was used as control. Relative enrichment was calculated using 2 − Ct method. Antibodies used for ChIP assays are as follows: anti-E2F1 (ab179445), anti-PCAF (ab12188), anti-G9a (ab40542), anti-H3K9ac (ab4441) from Abcam; and anti-H3K9me2 (17-681) from Millipore. Primers used for ChIP assays have been previously described: CyclinD1 (32), DHFR (37) and Rb1 (38) . The following primer sequences were used: p21: Forward 5 -CCCCGCATGCCCAGTTTATGG-3 Reverse 5 -CCGCGTCACATAGCAGGTCCC-3 ; ␤-actin: Forward 5 -GCTTCTTTGCAGCTCCTTCGTTG-3 Reverse 5 -TTTGCACATGCCGGAGCCGTTGT-3 .
Statistical analysis
Significance was calculated using student's t-test (twosided) and P-values of <0.05 were considered to be statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001). Error bars represent the mean ± standard deviation (SD) unless specified otherwise.
RESULTS
Global gene expression analysis in G9a knockdown myoblasts
Several recent studies have established a role for G9a as an inhibitor of myogenic differentiation (5, 6, 14, 26, 27) . However, genome-wide targets of G9a in myoblasts have not been identified. Moreover, whether G9a regulates cell cycle exit that is a pre-requisite for differentiation has not been investigated. To address these outstanding questions, we performed genome-wide transcriptomic analysis using microarrays. Endogenous G9a was depleted using siRNA specific for G9a (siG9a). Control cells were transfected with scrambled siRNA (siRNA). G9a knockdown in siG9a cells was confirmed by western blot ( Figure 1A) . RNA was isolated from proliferating (Day 0) and differentiating (Day 1) siG9a and siRNA cells and hybridized to mouse WG6v2.0 arrays (Illumina Inc, CA, USA). A total of 231 genes were differentially regulated in Day 0 siG9a cells ( Figure 1B) . Functional annotation revealed that the expression of several genes was upregulated in siG9a cells consistent with the role of G9a as a transcriptional repressor. Interestingly, many genes were also downregulated suggesting that G9a may directly activate their expression, or indirectly regulate them. Similarly during differentiation, 59 genes were upregulated and 61 genes were downregulated in siG9a cells. Consistent with our previous findings (5), G9a knockdown upregulated differentiation genes such as myogenin (Myog) and Troponin T (Tnnt3) whereas differentiation inhibitory genes Twist1 and Twist2 were downregulated ( Figure 1C) . Interestingly, in addition to differentiation genes, many cell cycle control genes were found to be positively and negatively regulated by G9a. For instance, MyoD target genes important for cell cycle exit such as p21 and Rb1 were upregulated in siG9a cells, whereas E2F1 target genes involved in proliferation namely CyclinD1 (Ccnd1), CyclinE (Ccne2) and Thymidine kinase (TK1) were downregulated. IPA of the differentially expressed genes revealed gene expression, cellular location, biological functions as well as biological networks ( Figure 1D ). Cell cycle progression and muscle differentiation were identified to be significantly altered functions ( Figure 1D ). Moreover, cell cycle regulation and muscle development were among the top molecular functions and canonical pathways that were significantly altered in G9a knockdown cells ( Figure 1E and F) . Consistent with the differential expression of genes, the transcriptional activity of MyoD and E2F1 was predicted to be deregulated upon G9a knockdown ( Figure 1G ).
G9a promotes myoblast proliferation
To examine whether G9a indeed has a role in regulating proliferation of myoblasts, we performed loss-of-function studies. To extend the relevance of our findings, we used primary myoblasts that were transfected with siRNA against G9a and the knockdown was confirmed by qRT-PCR (Figure 2A) . Compared to control cells, a reduction in S-phase cells was apparent upon G9a depletion by flow cytometry ( Figure 2B ). To validate these findings, both siRNA control and siG9a cells were pulsed with BrdU and stained with anti-BrdU antibody. siG9a cells showed significantly lesser BrdU incorporation compared to control cells (Figure 2C) . To examine whether G9a methyltansferase activity is needed for its impact on proliferation, cells were treated with UNC0638 (39) . Consistent with G9a knockdown, UNC0638 treated cells displayed reduced proliferation compared to control cells ( Figure 2D ) albeit to a lesser extent than siG9a cells. Similar results were obtained in C2C12 cells (data not shown). To determine if G9a is sufficient to induce cellular proliferation, C2C12 cells were transduced with a retroviral vector expressing G9a (pBabeG9a) or with vector (pBabe) alone ( Figure 2E ). Using an equivalent number of cells, an increase in S-phase cells was apparent upon G9a overexpression compared to control cells ( Figure 2F ), and correspondingly, pBabe-G9a cells displayed higher percentage of BrdU + cells.
Proliferation and cell cycle exit genes are differentially regulated by G9a
To examine the mechanisms by which G9a regulates proliferation, we first validated the expression of cell cycle genes identified in microarrays by q-RT-PCR in primary myoblasts. Consistent with the microarray data, siG9a cells showed significant upregulation of MyoD target genes p21 and Rb1 compared to control primary cells ( Figure 3A) , as well as in siG9a C2C12 cells (data not shown). On the other hand, E2F1 targets genes CyclinD1, CyclinE and DHFR were downregulated in siG9a cells. Interestingly, inhibition of endogenous G9a methyltransferase activity using UNC0638 resulted in upregulation of p21 and Rb1 expression, while no significant change in the expression of E2F1 target genes was evident ( Figure 3B ). These results suggest that G9a-mediated regulation of cell cycle exit genes is dependent on its methyltransferase activity, whereas E2F1 target genes are regulated in a methyltransferase-independent manner. To further validate these findings, pBabe and pBabe-G9a cells were analysed during differentiation (Figure 3C ). The expression of CyclinD1, CyclinE and CyclinA was higher, and Rb1 phosphorylation was elevated in undifferentiated G9a overexpressing cells ( Figure 3D ). On the other hand, Rb1, p21 and Troponin-T levels were reduced during differentiation. Taken together, these results suggest that G9a may promote proliferation by transcriptionally repressing the cell cycle inhibitors p21 and Rb1, as well as directly or indirectly activating expression of E2F1-responsive genes. 
G9a mediates H3K9me2 on promoters of cell cycle exit genes but not on E2F1 target genes
Previous studies have shown that in addition to its canonical role as a transcriptional repressor that is methyltransferase activity-dependent, G9a can activate expression of genes independent of its catalytic activity (40, 41) . To examine mechanisms by which G9a regulates cell cycle genes, we analysed its occupancy and H3K9me2 enrichment, a signature of G9a activity, at its target gene promoters in proliferating myoblasts. Compared to controls, G9a occupancy was increased at p21 and Rb1 promoters in pBabeG9a cells and correlated with elevated H3K9me2 repression marks ( Figure 4A ). H3K9ac, a mark of transcriptional activation was however not altered at these promoters. In contrast, G9a occupancy was not correlated with H3K9me2 at E2F1 target gene promoters namely CyclinD1 and DHFR which instead showed H3K9ac enrichment. Moreover, in presence of UNC0638, a significant reduction of H3K9me2 levels was apparent at p21 and Rb1 promoters but not at CyclinD1 and DHFR promoters ( Figure 4B ). These results indicate that G9a represses p21 and Rb1 by mediating H3K9me2 marks, whereas it functions to regulate E2F1 target genes independent of its methylation activity.
G9a associates with E2F1 and increases PCAF occupancy at E2F1 target promoters
Previous studies have shown that the role of G9a as an activator or repressor depends on its association with cofactors (40) (41) (42) . Proliferation of cells is dependent on E2F1 which recruits co-activators PCAF and p300 to mediate the expression of its downstream target genes (8, 9, 43) . Since E2F1 target genes were upregulated in presence of G9a, we tested if G9a associates with E2F1 and PCAF. Due Nucleic Acids Research, 2016, Vol. 44, No. 17 8137 to high transfection efficiencies in 293T cells, we initially tested interaction using exogenously expressed EGFP-G9a, Flag-PCAF and E2F1 constructs. Immunoprecipitation of PCAF showed that it is associated with E2F1 and G9a (Figure 5A ). To test their interaction in myoblasts, endogenous G9a was immunoprecipitated. Consistent with the above results, E2F1 and PCAF associated with G9a in proliferating myoblasts ( Figure 5B, left panel) . Reciprocally, endogenous E2F1 immunoprecipitated with G9a and PCAF in myoblasts ( Figure 5B, right panel) . Furthermore, sequential immunoprecipitation of C2C12 myoblasts using antiG9a antibody, followed by anti-E2F1 antibody confirmed that G9a, E2F1 and PCAF are present in the same complex ( Figure 5C ). To determine the significance of this association, we performed luciferase assays with the CyclinD1 promoter reporter (pD1luc) as a readout of E2F1 activity. Higher CyclinD1 promoter activity was evident in G9a over expressing cells compared to control cells. To determine if the elevated CyclinD1 activity in pBabe-G9a cells is E2F1-dependent, we generated point mutations at the E2F1 binding site (pD1luc E2F1) in the reporter construct. The basal promoter activity of the mutant construct was expectedly reduced in control cells. Interestingly, the mutant reporter activity was not elevated in pBabe-G9a cells ( Figure 5D , left panel). Conversely, pD1luc activity was significantly reduced in siG9a cells, and pD1luc E2F1 activity was barely detectable in both control and siG9a cells ( Figure 5D , right panel) confirming that G9a increases CyclinD1 expression in an E2F1-dependent manner. PCAF is a co-factor that increases E2F1 transcriptional activity (9) . We therefore examined whether G9a impacts PCAF-mediated activation of E2F1. Overexpression of PCAF augmented CyclinD1 promoter in both control and G9a overexpressing cells, although the overall reporter activity was higher in G9a overexpressing cells due to the increased basal activity ( Figure 5E, left panel) . Even in presence of PCAF, pD1luc activity was significantly lesser in siG9a cells compared to controls ( Figure 5E, right panel) . To define the mechanisms by which G9a augments PCAFmediated E2F1 activity, we tested endogenous E2F1 association with PCAF and Rb1 in presence of G9a in proliferating cells. Interestingly, the interaction of E2F1 with PCAF was increased in presence of G9a, whereas the association with Rb1 was reduced ( Figure 5F ). We then examined E2F1 and PCAF recruitment at E2F1 target promoters in proliferating myoblasts. As expected, E2F1 was present at CyclinD1 and DHFR promoters in proliferating pBabe cells and the occupancy was not significantly altered in G9a overexpressing cells. However, increased PCAF occupancy was apparent at these promoters in G9a over expressing cells compared to control cells ( Figure 5G ).
G9a associates with E2F1 and MyoD in a cell cycle-specific manner
We have previously reported that G9a associates with MyoD to inhibit its activity in myoblasts (5). Since our data showed that G9a also interacts with E2F1 and promotes its transcriptional activity, we hypothesized that G9a may associate with these two transcription factors at different phases of the cell cycle. To test this hypothesis, we first examined G9a expression in cycling myoblasts. Cells were synchronized at G1/S boundary using HU and subsequently released in growth media. The synchronization was monitored by western blot using cell cycle markers as well as by flow cytometry. Interestingly, G9a expression oscillated during different phases of cell cycle. The expression peaked during transition into the S phase and into mitosis ( Figure 6A ) but remained nuclear at all phases ( Figure 6B ). As E2F1 activity increases during transition into the S phase, we speculated that G9a interaction with E2F1 during S phase may be required for its impact on proliferation. To test the interaction with E2F1 and MyoD, myoblasts were synchronized at G1/S and G2/M boundary using hydroxyurea and nocodozole respectively. Synchronization was monitored by flow cytometry ( Figure 6C ) and lysates from synchronized cells were used for immunoprecipitation. Interestingly, the association of G9a with E2F1 was higher at G1/S phase, whereas the association with MyoD was higher at G2/M ( Figure 6C, right panel) . In addition, G1/S synchronized pBabe-G9a cells showed a higher percentage of cells entering the S-phase upon release into growth media compared to control cells ( Figure 6D ). These results suggest that in proliferating myoblasts, G9a exists in two distinct complexes at different phases of the cell cycle to regulate proliferation and myogenic differentiation.
Modulation of cell cycle genes blocks proliferation and rescues myogenic differentiation in G9a overexpressing cells
Given that cessation of proliferation and irreversible cell cycle exit are essential for myogenic differentiation, we examined whether G9a-mediated inhibition of differentiation is mediated through its impact on the cell cycle genes (44) . CyclinD1 knockdown was performed in G9a over expressing cells using control scrambled siRNA and CyclinD1 siRNA ( Figure 7A ). Downregulation of CyclinD1 resulted in reduced BrdU positivity compared to control siRNA cells, and a reduction in S-phase cells was also apparent by flow cytometry ( Figure 7B ). Rb1 and p21 play a central role in myogenic differentiation by promoting irreversible cell cycle exit. We therefore examined whether the repression of p21 and Rb1 by G9a is important for the block of myogenic differentiation observed in pBabe-G9a cells. Rb1 and p21 were individually transfected in pBabe-G9a cells ( Figure 7C ) and cells were analysed for differentiation. Consistent with our previous results (5), G9a over expression inhibited differentiation. Re-expression of p21 or Rb1 in G9a over expressing cells rescued expression of myogenin and Troponin-T (Figure 7D) . In addition, the number of MHC + cells was increased along with an increase in the myogenic index (Figure 7E) .
DISCUSSION
G9a, a euchromatic lysine methyltransferase, mediates H3K9me2 that is associated with transcriptional repression (45) . Recent studies have shown that G9a is overexpressed in various cancers (46) (47) (48) and its downregulation reduces cellular proliferation (49, 50) . However, genome wide targets of G9a, and the mechanisms by which it impacts cellular proliferation and cell cycle progression have not been defined. Transition into the S phase (2 and 4 hr culture in growth media after HU removal) and mitosis (6 hr culture in growth media after HU removal) was checked using CyclinA, as a marker of the S phase, and Histone H3 serine 10 phosphorylation (H3S10p) as a mitotic marker. G9a expression was checked using western blot. ␤-actin was used as an internal control. Synchronization of cells with HU was also confirmed by flow cytometry using PI staining (lower panel). (B) HU synchronized C2C12 cells were released and fixed 2, 4 and 6 hr after HU removal and immunostained with anti-G9a antibody (green). Nuclei were counterstained with DAPI (blue). (C) C2C12 cells were synchronized at G1/S and G2/M boundary using HU and nocodozole respectively. Synchronization was examined by flow cytometry (left panel). The expression of G9a, MyoD and E2F1 in lysates is shown (middle panel). Endogenous G9a was immunoprecipitated from synchronized cells and tested for association with E2F1 and MyoD respectively (right panel). The interaction of G9a with E2F1 is higher at G1/S phase, and with MyoD at the G2/M phase. (D) Flow cytometric analysis of pBabe and pBabe-G9a cells synchronized at G1/S boundary using HU and released into growth media for 2hr and 4hr. The results are representative of at least two independent experiments. In this study, using a transcriptomic approach in skeletal myoblasts, we have identified G9a target genes and provide evidence for a dual role for G9a in regulating cell cycle progression. We demonstrate that G9a not only prevents cell cycle exit through repression of its down stream targets p21 and Rb1, but also promotes proliferation by activating expression of E2F1 targets such as CyclinD1 and DHFR in a methylation-independent manner. We demonstrate that regulation of cell cycle genes is critical for the ability of G9a to block myogenic differentiation.
While G9a has been predominantly studied as a transcriptional repressor, knockdown of G9a in skeletal myoblasts resulted in both upregulation as well as downregulation of a substantial number of genes. Consistent with its function as a co-repressor, our results show that G9a transcriptionally represses expression of cell cycle exit genes p21 and Rb1 by mediating H3K9me2 at their promoters. Consistently, treatment of cells with UNC0638 upregulates expression of these targets concomitant with a reduction in this repressive mark. These findings are in line with previous studies in other cell types that have demonstrated direct transcriptional regulation of p21 expression by G9a (51, 52) . It is interesting to note that while Rb1 expression is also repressed by G9a, the levels of phosphorylated Rb1 are enhanced by G9a overexpression. It is likely that the reduced p21 expression in G9a overexpressing cells results in increased CyclinD1/CDK activity, and consequently higher phosphorylated Rb1 levels. While reduced expression of Rb1 and p21 in G9a overexpressing cells could also account for the increased expression of E2F1 target genes such as CyclinD1, several lines of evidence suggest that E2F1 target genes are directly regulated by G9a, rather than a consequence of reduced p21 and Rb1 expression: (i) G9a occupancy is apparent on E2F1 target genes promoters. (ii) Treatment with UNC0638 does not impact expression of E2F1 target genes suggesting that the effect on their expression is not a consequence of reduced p21 and Rb1. (iii) H3K9me2 marks are not correlated with G9a occupancy on E2F1 target gene promoters. (iv) Transcriptional activation marks (H3K9ac) and increased PCAF enrichment is apparent on E2F1 promoters in G9a overexpressing cells. (v) G9a associates with E2F1 and PCAF, and enhances their association. (vi) The impact of G9a on CyclinD1 expression is E2F1-dependent. Overall, these observations are in line with recent studies which have shown that G9a can activate gene expression independent of its methyltransferase activity through association with co-activators (40) (41) (42) . Consistent with a potential role for G9a in enhancing E2F1 activity, it preferentially associates with E2F1 during the G1/S transition of cells. Indeed, G1/S synchronized pBabe-G9a cells showed a higher number of cells in S phase, and conversely, G9a knockdown in primary myoblasts led to a reduced number of cells in S phase. These observations are in agreement with a recent study demonstrating that G9a −/− mouse embryonic fibroblasts (MEFs) show reduced cell numbers in the S phase compared to wild-type MEFs (53) .
We have previously shown that G9a associates with MyoD resulting in its methylation that blocks its transcriptional activity (5) . Interestingly, the association of G9a with MyoD is higher at G2/M phase which may be important for MyoD degradation at G2/M (54). Indeed, methylation of MyoD by G9a has been reported to be a signal for its degradation (6) . Moreover, our observation that G9a and MyoD association is lower at the G1/S phase is consistent with enhanced MyoD transcriptional activity during differentiation which occurs at the G1 phase. The molecular switch that controls the association of G9a with E2F1 during the G1/S phase, and with MyoD during G2/M remains to be investigated. The stoichiometry of G9a, MyoD and E2F1 at different phases of the cell cycle, or post-translational modifications might dictate the association of G9a with the activating E2F1/PCAF complex or with the repressive MyoD/HDAC1 complex.
Given its role in proliferation of cells, it is not surprising that G9a overexpression is apparent in various cancers (55, 56) . Since G9a represses tumour suppressor genes, pharmacological compounds targeting its activity are an attractive tool for cancer therapy (57) . However, since G9a also positively regulates the expression of genes which drive cellular proliferation, our findings imply that the methyltransferase-independent function of G9a may also contribute to tumorigenesis. Thus targeting G9a expression may have greater therapeutic value than just inhibition of its activity.
